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Abstract
This thesis presents the design and analysis of two novel fabric-like architectures of soft
pneumatic actuators known as Fiber Reinforced Elastomeric Enclosures (FREEs) and
studies the implication of wearing them as sleeves around the elbow joint. The first archi-
tecture is a helical arrangement of FREEs, which is shown to directionally modulate its
stiffness. The second architecture is a nested arrangement of FREEs, which is shown to
provide 70% more actuation stroke than a single actuator. The thesis presents an analyt-
ical framework, first to accurately capture the behavior of a contracting FREE actuator,
and then the model stiffness modulation and stroke amplification functionalities of the two
architectures. These models are verified with both benchtop experiments and preliminary
human testing. The thesis presents design guidelines to configure these architectures for
any functional and size requirements.
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1 INTRODUCTION
Exoskeletons provide mobility assistance to not only the disabled with neuromuscular
disorders [2] [3], but also healthy individuals to accomplish high endurance tasks [4], [5].
However, their effectiveness may diminish if they add undesirable inertia to the upper
or lower extremities of the human body. Most exoskeletons are made of rigid parts and
components such as linkages and springs, and though optimally designed do not report
expected decrease in energy consumption [6]. As a consequence, recent investigations
have led to designs that are completely devoid of rigid parts, and conform to the contours
of human body [6–10].
Pneumatic artificial muscles (PAMs) or McKibben muscles [11] are popular actuators
in robotics, aerospace and other applications due to its high power density, high specific
work, forces, inherent compliance, and simplicity in manufacturing [12]. These actuators
are constructed using a hollow stretchable elastomeric tube with its two ends fixed. The
tube is placed inside a braided sleeve, which upon inflation with pressurized fluids leads
to a contracting axial force. In another embodiment [13] [14] [15], fibers are reinforced
as a composite on the latex tube and are called Fiber Reinforced Elastomeric Enclosures
(FREEs). FREEs exhibit similar contraction behavior when the reinforced fiber angles
are equal and opposite as shown in Fig. 1.1 (III b-c).
In general, PAMs are used as actuators, and thus provide a displacement against an
external load. The performance of PAMs as actuators is indicated by force vs. contraction
ratio plot for various input pressure value. The contraction ratio is the ratio of the stroke
∆L by the length of the actuator L. The actuation force obtained when the muscle ends do
not displace is called the blocked force. The contraction ratio obtained when the ends are
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free to move is known as free contraction. These two quantities determine the usefulness
of the actuator for a given application. In general, the theoretical limit on the contraction
ratio and blocked force of PAMs are determined by the braid angles [12] and the diameter
of the cylinder. The braid angles or the helix angle is the angle made by the fibers with
respect to the axis as shown in Fig. 1.1(IIIa).
Several exoskeleton embodiments use PAMs to actuate joints in the upper and lower
extremities [6, 16]. Made of fabric and soft actuators, these designs may be lightweight,
but not yet discreet and low profile, so that the user alone is aware of its presence. In order
for these devices to be wearable, compact and discreet, the PAMs need to be miniaturized
while still maintaining high stroke and forces. Our recent effort to actuate the elbow joint
of the human arm through ≈ 65◦ range using a single PAM as long as a human hand has
required them to to contract by 30% of its length. Current miniature PAMs have a reduced
stroke as limited to 17% because of the need to actuate them at safe pressure levels. Thus
there is a need for a mechanism or an architecture where large stroke can be achieved
even with the limitations of existing actuators.
1.1 Scope
In this thesis, we present a wearable sleeve that is capable of modulating the stiffness,
as well as providing actuation to the elbow as seen in Fig. 1.1(Ia). Several miniaturized
FREEs are designed to form certain structure in order to stiffen the elbow joint direc-
tionally by actuating different actuators. This implies that joint may be free to move in
one direction but stiff in the other direction. Such a behavior can be helpful in providing
lift assist or load bearing when carrying heavy objects. We also propose a configura-
tion of several PAMs arranged in serial stages through a nested architecture inspired by
existing designs to amplify piezoelectric and shape-memory alloy strains [17, 18]. A de-
tailed design framework is introduced in this thesis for designing nest PAMs that meet
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Figure 1.1: (I a-b): Soft wearable sleeve architecture and its action on joints, (I c-d):
demonstrating the discreet nature of the sleeve, (II) layout of the architecture, (IIIa-c)
working of a contracting soft fluidic actuator
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a given stroke and force requirement, by accurately modeling the behavior of individual
PAMs. Such an architecture can yield large stroke and forces without compromising on
the overall compactness of the design. Therefore such design would be appropriate for
our application to provide elbow lifting assistance. The goal of our ongoing work, of
which the results of this thesis is an initial step, is to miniaturize FREEs and the archi-
tecture such that they resemble fabric that can be worn as undergarments as seen in Fig.
1.1 (I c-d). The sleeve architecture is envisioned to be worn around elbow with its ends
strapped. It is powered by compressed gas, which can be stored in a chamber carried
by the wearer in the form of a backpack along with associated regulators and controls.
Thus we envision the design to be tailored for any other human joints such as knee joint
or ankle, as shown in Fig. 1.1(I b). This thesis presents analytical models for both the
stiffening effect and the activating capability, which can be used for designing a sleeve
with similar architecture for a given requirement. We verify our modeling through exper-
imental testing and human factor testing using electromyography (EMG) for monitoring
muscular activity.
1.2 Outline
This thesis is organized as follows.
In Chapter 2, the overview of design is presented along with a brief working principle.
In Chapter 3, a constrained volume maximization method is introduce with bending
modulus considered to capture the stroke and force behavior of individual actuators used
in this deign.
In Chapter 4, the design and analysis of nested actuator structures are presented. The
design principles illustrate the optimal nested configuration towards a specific stroke and
force requirement.
In Chapter 5 the detailed design parameters as well as the modeling of the sleeve are
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presented. The model will be able to predict the exact stiffness change and joint angle
elevation under pressure.
In Chapter 5 the detailed design parameters as well as the modeling of the sleeve are
presented. The model will be able to predict the exact stiffness change and joint angle
elevation under pressure.
In Chapter 6 several experiments will be conducted to validate the modeling method.
In Chapter 7 the conclusions are presented .
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2 DESIGN OVERVIEW
In this chapter, we present the design overview as well as the working principle of an
assistive sleeve targeting a real dimension of a human elbow joint.
Figure 2.1: A real prototype of soft wearable sleeve. Splints are stitched on the sides of
the arm where is in contact with the actuator to distribute the pressure.
2.1 Structures of the Sleeve
An actual wearable prototype is shown in Fig. ??. The base layer of the structure is a
piece of black fabric sleeve with strap at both ends to fix the span of the sleeve, as well as
to connect the actuators laying on top of the sleeve using 3D printed connectors stitched
onto the straps. The actuators, which are all contracting type, fall into two structures in
this design: the helical structure for stiffening the elbow joint and the straight structure
for assisting joint flexion.
Two groups of helical shaped actuator (green and red colored) are wrapped around
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the joint, with two subgroups in each color forming a symmetric double-helical structure.
The actuators belong to different major group are designed to have different lengths so
that the joint won’t be resisted during elbow movement in any direction by either group
before actuation. Meanwhile the length of the actuators within each major group are
same. These actuators comprising the helical structure will provide additional stiffness
to the elbow joint with the joint angle in the range from 0◦ to 90◦ upon actuation, thus
named as stiffening actuators in the rest of this paper. There can be multiple actuators
arranged in parallel within each subgroup, two as in this particular prototype shown in
the figure, to leverage the stiffening effect.
The structure of actuators aligned in straight fashion are divided into two sections,
with a shorter one located along upper arm and a longer one lined up with forearm. A
soft string in between, with negligible stiffness, connects the two parts as an analogy of
ligaments. The aim of separating the straight actuators is to enable the joint rotating freely
without a potential spatial conflict between the straight actuators and the helical structure
when no pressure is applied, as we can easily observe a huge bulge during joint flexion if
a long straight is used in one piece. The length of each section, both actuators and string,
are tailored to fit in the physical dimension of the objective arm so that the two distal
ends (with respect to the joint center) of the two sections can be attached to the connector
on the strap along with the stiffening actuators and the two proximal ends will just touch
each other when the joint is at 90◦. The straight group also enables multiple actuators
working in parallel to enhance the lifting assistance.
2.2 Working Principle
Due to the considering structural design, not only the stiffening actuators and straight
actuators can work independently, but also the two groups of actuators within the helical
structure can be selectively actuated to provide directional resistance.
7
Figure 2.2: Actual prototype with a 3D printed arm model; (a) Initial positon. Acutate
group 1 to resist flexion; (b) Any intermediate position, for example 45◦. Actuate either
one of the two groups or both to stiffen against different directions; (c) Extreme position.
Actuate group 2 to resist extension.
The group 1 actuators (shown in red in Fig. 2.2) will stiff against joint flexion at any
angle in between 0◦ and 90◦ upon pressurization, as these actuator reduce in length and
hold on to the contours of the elbow joint. At the configuration shown in Fig. 2.2(a),
any motion to flex the joint will be resisted by the group 1 actuators (red), resulting in
an additional stiffness. Similar situation will be found in actuating exclusively the group
2 actuators (green), which are arranged in the opposite side of group 1, and will also
reduce in length under pressure to hold the joint from further extension (Fig. 2.2(c)). The
independency of the two groups indicates that for the joint to be at any intermediate angle
between 0◦ and 90◦ (for example 45◦ in Fig. 2.2(b)), activate either one of the two groups
will only provide stiffness in the corresponding direction while allowing free motion in
another direction, as shown in the Fig. 2.2. However, if both groups are actuated, all
actuators will contract and hold firmly on to the joint, yielding stiffness in both direction,
which can be descried as locking the joint.
The actuators for activating the joint arranged along the arm, mimicking the working
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principle of human bicep muscles, will generate contracting force upon pressurization in
the direction shown in Fig. 2.2(b). Thus a clockwise torque will be applied to the elbow
for helping joint flexion. To achieve a larger range of actuation, the overall length as well
as the contraction ratio of the straight actuator should be maximized. Given the physical
dimension of the arm as the constraint, the optimization could be tackled by solving the
problem of how to increase the stroke of actuator contraction. In chapter 4, a nested
arrangement of contracting actuators will be introduced to improve the working range of
the straight group. It is also worth noticing that if actuating both straight actuators and
group 2 stiffening actuators during a joint flexion, an anchor point will be created for the
straight actuators, as point A shown in the figure. This anchor point enables the straight
actuators to always attach the arm surface during joint rotation, so that a higher forearm
position will be reached.
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3 CHARACTERIZING INDIVIDUAL
ACTUATOR BEHAVIOR
In this chapter, we characterize the behavior of a single actuator using a novel computa-
tional model and verify them with experiments. Since all the actuators used in the sleeve
design are contracting type, we will use Fiber Reinforced Elastomeric Pneumatic Artifi-
cial Muscles, or FREAMs for short. FREPAMs are sensitive to the elastomer properties,
thickness, overall length and cross-section, and in general the manufacturing process. But
as show in the design, stiffening actuators and FREPAMs used in nested structures var-
ious a lot in length. Thus our specific focus will be on the effect of the length on the
contraction ratio.
The variation of contraction ratio as a function of length can be explained in terms
of the deformation profile of a FREPAM as shown in Figure 3.1a. The deformed profile
consists of two tapered sections at either ends followed by a uniformly contracting seg-
ment, which is roughly 80% of the length. It is the uniformly contracting segment that
largely determines the contraction ratio of the FREPAM. The fraction of this segment de-
pends on the ratio of the cylinder diameter to its length. Greater this ratio, smaller is the
uniformly contracting segment length leading to reduction in the contraction ratio. Figure
3.1b also shows a scenario with almost all tapered sections, which result in extremely
low contraction ratios. Furthermore, the curvature induced in the tapered sections will
store strain energy due to bending, which stiffens the actuator. Since the end taper ef-
fects are crucial to the understanding of miniaturized FREPAMs, this section formulates
a computational model that captures the deformed curvilinear profile of FREPAMs, and
the additional strain energy stored due to the membrane bending of the elastomer. The
model is validated using experiments.
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Figure 3.1: The deformation profile of a FREPAM with (a) the curvilinear tapered seg-
ment accounting for 20% of the length, and (b) the curvilinear tapered segment accounting
for 80% of the overall length
3.1 Experimental Setup
Our custom manufacturing process has been elaborated in our prior work on Fiber Re-
inforced Elastomeric Enclosures (FREEs) [14] [19] [1]. FREEs differ from McKibben
PAMs as the fibers are not separate from the elastomer tube but are instead reinforced into
the tube by adhesive agents. This does not permit any relative motion between the fibers
and the elastomer. We fabricated two families of actuators whose properties are given in
Figure 3.3. We use the miniaturized FREPAM 1 in the sleeve design while FREPAM 2 is
used to examine the model with a different diameter. The fabrication process starts with
off-the-shelf latex tubes on which cotton or kevlar fibers are wound in a helical pattern
with a prescribed helix angle. The fibers are adhered to the tube using adhesive agents,
and are further cemented by a coating of liquid elastomer followed by curing. The two
ends of the cylinder are held sealed by zipties. The elastomer properties, and particu-
larly the stiffness is dependent on the manufacturing process. Furthermore the effect of
miniaturizing, such as reduction in contraction ratio and blocked force is dependent on
this process. The experimental setup consists of a stage where the actuators are held fixed
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at one of their ends, and hooked to a force sensor in the other end as shown in Figure
6.1b. The distance between the fixed end of the actuator and the sensor can be changed to
accommodate actuators of different lengths.
Figure 3.2: Experimental setups for testing. (a) Experiment for characterizing the critical
force of the FREPL members. (b) Setup for the actuation force of the single FREPAM or
the nested system.
3.2 Constrained Maximization Approach
The computational model proposed is built on a novel method introduced by [1] known
as the Constrained Volume Maximization (CMV) formulation. Here, the FREPAM is
considered as an inflatable structure, whose tendency is to maximize its enclosed volume
subject to constraints posed by the fibers, and strain energy stored in the elastomer. This
is posed as a calculus of variations problem, whose solution generates a set of differential
equations that govern the quasistatic deformation of FREPAMs. Solving these equa-
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Figure 3.3: Geometry and cross section properties of the two FREPAMs manufactured
and tested in this paper.
tions, we obtain actual curvilinear or tapered deformed shape as compared to cylindrical
approximations proposed in several earlier literature. Furthermore, the elastomer mem-
brane undergoes bending in the tapered region, with an associated flexural stiffness that
reduces contraction ratio of the FREPAMs especially when miniaturized. In this section,
we extend the constrained maximization formulation to account for the flexural stiffness
of the elastomer membrane, which is neglected in most contemporary work [13, 20].
We consider a cylindrical FREPAM having an undeformed radius, r0 and length, l
as shown in Figure 3.4a. Deformation of the actuator is characterized by the axial and
circumferential stretch ratios, λ1(x) and λ2(x), respectively, which are eigenvalues of
the Green strain tensor. To capture generality, they are considered to be functions of
membrane coordinates along the axial direction, x and are given by
λ1(x) =
ds
dx
and λ2(x) =
r(x)
r0
(3.1)
In Eq. 3.1, ds is the elemental length along the deformed meridian direction, while dx
is the elemental length along the undeformed axial direction, which is the same as the
undeformed meridian direction as shown in Figure 3.4. The third stretch ratio λ3(x) =
1/(λ2(x)λ3(x)) is along the thickness of the elastomer membrane and ensures incom-
pressibility of the elastomer. The general all-encompassing constrained maximization
13
Figure 3.4: Deformation of the FREE adapted from [1]
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formulation for a FREEPAM can be stated as
Maximize
λ1(x),λ2(x)
V =
∫ La
0
pir20λ
2
2 (x)
√
λ 21 (x)−λ
′2
2 (x)r
2
0dx (3.2)
Subject to
λ 21 (x)cos
2α(x)+λ 22 (x)sin
2 = 1 (3.3)
ld =
∫ La
0
√
λ 21 (x)−λ
′2
2 (x)r
2
0dx (3.4)
W =
∫ La
0
Ae(C10(I1−3)+C01(I2−3))dx+ 12
∫ La
0
(2piDt3)
(
r0
1
λ1
∂λ2(x)
∂x
)2
dx (3.5)
where in the above equation, we maximize the volume given by Eq. 3.2, which is ex-
pressed in terms of the curvilinear deformed profile of the actuator subject to the inexten-
sibility constraints of the fiber given by Eq. 3.3 and a constraint on its overall length given
by Eq. 3.4. The other constraint involved is the strain energy stored in the elastomer given
by Eq. 3.5. We propose that the strain energy is composed of two terms. The first term is
entirely due to the stretching of the elastomer, and is given by the popular Neo-Hookean
or Mooney-Rivlin model. The second term captures the energy stored due to bending of
the membrane, which occurs closer to the fixed ends of the FREE. The membrane bend-
ing deformation is approximated by the slope θ shown in Figure 3.4, which is further
approximated by the small angle assumption as
θ ≈ sinθ = r0 1λ1(x)
∂λ2(x)
∂x
(3.6)
Furthermore, the bending stiffness or flexural rigidity is given by 2piDt3, where t is the
thickness of the elastomer and fibers, and D is the flexural modulus, which is usually
a function of the elastic modulus. The form of the bending stiffness is similar to plate
bending equations [21]. There are two assumptions made in the above formulation: (a)
the curvature of the bending can be captured by the linearized slope θ , and (b) the bending
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stiffness can be captured by linear elastic properties. We believe this can be a good first
step in capturing the flexural membrane strain energies, especially since tapered bending
occurs over a small fraction of the FREE length, while majority of the deformed FREE is
cylindrical.
The solution of the calculus of variations problem formulated in Eqs. 3.2-3.5 is exten-
sively explained in [1] via the Euler-Lagrange equations [22]. The first step is to express
the above problem in terms of only a single function λ2(x) by eliminating λ1(x) from Eq.
3.3. It leads to solving the following differential equation
P∆V = ∆W +F∆ld (3.7)
where P, and F are the Lagrange multipliers associated with the constraints. Physically,
they denote applied internal pressure and applied end force. Furthermore, ∆ is a partial
differential operator denoting the first variation of a functional according to the rules of
calculus of variation [22].
∆=
∂
∂λ2(x)
− ∂
∂x
(
∂
δλ ′2(x)
)
(3.8)
The above differential equation can be solved by any standard integration method such
as ’bvp4c’ in MATLAB. The numerical solution requires two boundary conditions, both
of which constrain radial expansion at the ends of the actuator due to the end connectors.
Fixed radius implies that λ2 is unity at both the ends.
λ2(0) = 1 and λ2(l) = 1 (3.9)
Thus the deformation of the FREEPAMs can be realized as a function of the applied
pressure by solving Eq. 3.7 subject to boundary conditions given in Eq. 3.9. Effec-
tively capturing FREEPAM behavior will involve determining at the most three material
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parameters (or at least two) namely the hyperelastic constants C10, C01, and the flexural
modulus D. The methodology for obtaining the fit is detailed in Appendix B, and based on
the findings, we will use C10 = 0.115 MPa, C01 = 0 MPa, and D = 4.5 MPa respectively.
3.3 Contraction ratio of FREPAMs
The contraction ratio is computationally evaluated for FREEPAM 1 and FREEPAM 2 in
Figure 3.3 using Eq. 3.7 with no external applied force, i.e. F = 0. The resulting solution
results in a stretch ratio field λ2(x). The contraction ratio is given by evaluating Eq. 3.4
as
Cr =
La−
∫ La
0
√
λ 21 (x)−λ
′2
2 (x)r
2
0dx
La
(3.10)
The length of FREEPAM 1 is 121.5 mm, and FREEPAM 2 is 160 mm. All the other
dimensions are shown in Figure 3.3. The contraction ratio as a function of applied input
pressure is nonlinear as seen in Figure 3.5. The maximum contraction ratio for the two
FREEs were found to be 17% and 20% respectively. For the material properties assumed,
the computational model matches well with the experiments with a maximum error of
15% noticed at lower pressures.
Figure 3.5: Single actuator contraction ratios with increasing pressure for (a) FREPAM 1
and (b) FREPAM 2.
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Apart from the contraction, FREPAMs undergo radial expansion. Thus the maximum
deformed outer diameter is given by the sum of the deformed inner diameter and deformed
wall thickness
Φmaxout = 2λ2(l/2)r0+2λ3Tw (3.11)
where the maximum change in radius is assumed at the center span of the FREPAM at
x = l/2, and Tw is the wall thickness as shown in Figure 3.3. Next, we investigate the
reduction in contraction ratio as a function of the FREPAM length. At smaller lengths
the tapered sections of the FREEPAM shown in Figure 3.1b dominate leading to lower
contraction ratios. This is evident in Figure 3.6 where a sharp decrease in contraction
ratio is seen at lower lengths. The computational model captures this decrease only when
the flexural membrane stiffness is taken into account. If this were neglected, the decrease
of the contraction ratio is not as sharp as seen in the dashed lines of Figure 3.6.
Figure 3.6: Contraction ratios as a function of actuator length for three input pressures.
The computational model used was Eq. 3.7 and the geometry and cross section values (a)
FREPAM 1, and (b) FREPAM 2 are given in Figure 3.3
With the accuracy of the computational model ascertained, we explore the effect of
FREEPAM radius on the contraction ratio using this model. Figure 3.7 suggests that at
larger lengths, the contraction ratio does increase with increasing radius. However, at
smaller FREE lengths, the radius seems to have little effect, which is indicated by the iso-
contraction ratio lines being parallel to the radius axis. Thus for miniaturized FREEPAMs,
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the effect of length predominates the effect of radius.
Figure 3.7: Contour plots for contraction ratios plotted as a function of FREE length and
inner radius for the two fiber angles (a) α = 16◦, and (b) α = 25◦. For these plots the wall
thickness t = 0.9 mm, and input pressure is 0.262 MPa.
3.4 Force behavior of a single FREPAM
The blocked force behavior of FREEPAMs can be understood through several purely
geometrical models in literature [12, 23]. These are fairly accurate since blocked force
requires the FREEPAM to be held in its undeformed configuration, thus discounting the
effect of the elastomer properties. The simplest of the models express blocked force in
terms of the FREEPAM geometry and the fiber angles as
Fbmax = piPr20
3cos2α−1
2sin2α
(3.12)
The same value of the blocked force results by solving the CMV formulation of Eq. 3.7
for force F such that there is no deformation in the elastomer λ2(x) = 1. The above
equation predicts a linear relation between the blocked force and pressure as seen in
Figure 3.8. The experimental blocked force as a function of pressure for FREEPAM 1 of
length 121.5 mm and FREEPAM 2 of length 160 mm is shown in Figure 3.8 as dashed
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lines. Experimental values exhibit a nonlinear relationship, which can be predicted by
assuming deformation in the elastomer due to a slight extensibility in the fiber. However,
in this paper, we will use the simplified model of Eq. 3.12 as the experimental values
approach the model at higher pressures.
Figure 3.8: Blocked force vs. pressure for FREPAM 1 and FREPAM 2
The effect of the blocked force as a function of length will be understood experimen-
tally as Eq. 3.12 does not contain any length terms. As the length of the actuator changes,
there is an appreciable decrease in blocked force noticed as shown in Figure 3.9, which
can be described using an exponential curve
Fb(La) = Fbmax
(
1− e−0.02La) (3.13)
where Fb is the blocked force, and Fbmax is the maximum blocked force at maximum
initial length given by Eq. 3.12. Thus, through the computational, and analytical models
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of this section, we are able to capture the contraction ratio and blocked force of FREPAMs
for various geometrical and constitutive material properties.
Figure 3.9: Effect of actuator length on blocked force. Force vs. FREPAM length curves
of actuators with different initial lengths at different pressures for (a) FREPAM 1 and (b)
FREPAM 2.
Now even though we have characterized the stroke and force behavior of a single
FREPAM, the analytical equation above are complicated. Thus for convenient represen-
tation in sleeve modeling chapter, we use the following abbreviations,
Cr = f (p) (3.14)
F = h(Cr, p) (3.15)
where Cr is the contraction ratio, F is the contracting force and p is the input pressure.
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4 DESIGN OF NESTED PAM
STRUCTURES
With the behavior of individual FREPAMs and FREPLs characterized, we now incorpo-
rate this in the design and analysis of the nested system.
4.1 System Length
Consider an ′n′ level nested system in Fig. 4.1 of which a specialized case of n = 2. Each
level consists of two floating connector stages of thickness Lci. In order to fix the actuator
to the top and bottom connector, an additional distance is taken away and the effective
length that is not utilized by the actuator is Lti as shown in the Figure 4.1. In level ′i′ the
length of the FREPAM is denoted by Lai and the length of the FREPLs is denoted by Lbi.
The length of the entire system is evaluated from the lower most end connection of the
actuator in level 1 to the upper most connection to the actuator in level n and is given by
Ls.
Ls =
n
∑
i=1
Lai−
n−1
∑
j=1
Lb j (4.1)
Here it is implied that for n levels, there are 2n FREPAMs, and 2(n− 1) FREPLs. In
general, lengths of the FREPAMs, FREPLs and the connecting stage thicknesses could be
arbitrary. However to make the best use of the overall length and footprint, the deformed
configuration must fold such that there is no space between different stages of the actuator
in the deformed state. This means that the top of the stage i connector must be able to
touch the bottom of connector stage ′i+1′ in it’s maximum deformed state. This implies
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Figure 4.1: Nested arrangement of ′n′ levels (a) Initial configuration, and (b) Optimally
deformed configuration.
the distance S12 shown in Figure 4.1a must be zero. The overall deformed configuration is
shown in Figure 4.1b. It is shown in Appendix A that for maximum overall deformation
and thus for a maximum contraction ratio, the length of all FREPAMs, FREPLs and
connector stages must be equal.
For maximum contraction ratio between any two stages i and j
Lai = La j Lbi = Lb j Lti = Lt j (4.2)
Furthermore, for a given overall length Ls, the optimum FREPAM actuator length Lai for
each stage is derived in Appendix A, and can be given by
Lai =
Ls− (n−1)Lti
1+(n−1)Cra(Lai) (4.3)
where Cra is the contraction ratio of the FREPAM, which is dependent on the length of
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the actuator Lai. This dependence can be obtained by solving the constrained volume
maximization problem of Eq. 3.7 for different FREPAM lengths and obtaining plots such
as Figure 3.6. Lti is the thickness of the stage and is determined by the manufacturing.
Thus the optimum FREPAM length is found by solving the nonlinear equation given by
Eq. 4.3. Similarly the length of the FREPL members for load transfer can be obtained
from Eq. 4.1 as
Lbi =
Ls−nLai
n−1 (4.4)
Finally, the overall contraction ratio is given by
Crsmax =
∆Lmax
Ls
=
Cra(Lai)n[Ls− (n−1)Lti]
[1+(n−1)Cra(Lai)]Ls (4.5)
4.2 System Width and Thickness
In addition to designing for a given system length, the nested system comes at the cost
of extra system width, denoted by W , and thickness, denoted by T . Thus for a given
system level, further design considerations are required to arrange the actuators in spatial
arrangements so that it fits in a given space constraint. Here we propose three different
arrangement schemes as shown in Figure 4.2 which do not bring in any additional man-
ufacturing complexity. These arrangements differ in their thickness to width ratios, and
are named (a) Line shown in Figure 4.2a, (b) Rectangle shown in Figure 4.2b, and (c)
Cylinder shown in Figure 4.2c. Of these, the Line arrangement places the FREPAMs and
FREPLs in a straight line, and have minimal system thickness TLine given by
TLine =Φmaxout +Textra (4.6)
where Φmaxout indicates the outer diameter of a maximally pressurized FREPAM given by
Eq. 3.11, and Textra represent the extra thickness required for the stage to be stable. For
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a given number of actuators, the width of the Line arrangement is maximum. The width
of the system is mainly decided by the designated space between actuators S2DL, and is
given as
WLine = nΦmaxout +(n−1)Φout (4.7)
where Φout is the undeformed diameter of the FREPL member. A Rectangle arrange-
ment shown in Figure 4.2b shifts the FREPLs off the plane of FREPAMs, rendering a
slightly larger system thickness, while significantly reducing the width. The FREPLs are
even distributed on both side of the FREPAMs plane, so that system are balanced under
external load. The dimensions of the Rectangle arrangement is given as
TRectangle =
√
(Φmaxout +Φout)2− (Φmaxout )2+Φout +Textra (4.8)
WRectangle = nΦmaxout (4.9)
Both designs above are axially symmetric, having two actuators working in parallel for
each level. When larger forces are desired, it is required to have four or more actuators
acting in parallel in each level. In such cases, a Cylinder arrangement places each type of
actuators in multidirectional plane to achieve a compact, near cylindrical cross sectional
shape. In Figure 4.2c, the FREPAMs are arranged along ±45◦ and FREPLs are arranged
along 0◦ and 90◦. In the 3D case, ignoring a minor difference in the width and thickness
of the arrangement, we describe the radius of the cylinder,
RCylinder =
√
2
2
(Φmaxout +Φout)+(n−
3
2
)Φmaxout (4.10)
The above equations fully define the system dimensions. In each arrangement, the optimal
length of the FREPAM can be determined by solving Eq. 4.3. It must be noted that there
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could be many arrangements possible, and the database is by no means limited to the three
presented. In the sleeve design, we will use a 2-levels nested actuator with a Rectangle
arrangement for actuating the elbow.
Figure 4.2: Top view of ′n′ level nested system under three different arrangements: (a)
Line arrangement (b) Rectangle arrangement (c) Cylinder arrangement.
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5 DESIGN AND MODELING OF THE
SLEEVE
This chapter will first present the design consideration for the sleeve and illustrate the un-
derlying principle for parameter selection. Then models for predicting the sleeve behavior
under pressure is created.
Here we restate and emphasize the functionality of both the stiffening group and ac-
tuating group as the design guidelines:
i. The initial undeformed length of the two stiffening actuators have to be long enough
so that no resistance to motion will apply to the elbow in the range of 0◦ to 90◦.
ii. The absolute value of contractions (contraction ratio times initial length) generated
by stiffening actuators should be large enough so that it will contract and wind along the
contour of the arm at any angle (between 0◦ and 90◦) under a certain pressure below 45
psi.
iii. The length of the two pieces of straight actuator are chosen to fit within the arm
dimension. During a joint flexion, actuators will be able to remain attaching to the arm,
and only the string will bulge.
5.1 Sleeve Design
The dimension of the arm model, taken from a males arm, are shown in Fig. 5.1(a).
The two anchor points A and B represents the starting and ending positions for the sleeve
respectively. Each group of stiffening actuator starts at opposite starting points, winding
helically along the arm, and ends at opposite ending points. Fig. 5.1(b) shows the trends
of the length changing in each actuator with the joint angle increasing. The length of
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Figure 5.1: (a) The dimension of the arm model. (b) An illustration of each actuator group
length vs. joint angle
the group1 stiffening actuator should increase with the joint angle to maintain the helical
structure, while group2 and activating actuator have to reduce in length correspondingly.
It is worth noticing that the reduction for activating actuator should roughly define the
length of the string with slight adjustment. Since all of the actuators in this design are
contracting type, the initial length of each actuator has to be chosen as the maximum
length appears in each curve shown in Fig. 5.1(b). Meanwhile, the contraction comes
at the additional cost of radial expansion, which means that actuators having smaller
fiber angles, would have larger contraction ratio but also becomes thicker and stiffer.
Thus, the fiber angle and diameter of the actuator are chosen under the consideration that
actuators should not experience a huge radially expansion for making the sleeve bulky
under pressure, but will still be able to provide enough contraction.
Fig. 5.2 demonstrate the design space of the stiffening actuator fiber angles and helical
winding angles. We consider the fiber angle between 5◦ and 50◦ (contracting actuators
should have fiber angle smaller than 54◦), and helical angle between 0◦ and 90◦. Since
we have fixed the two ends position of the sleeve, helical angle will fully determine the
length of the actuator. Combining with the contraction ratio decided by the fiber angle,
each point in the design space represents an absolute value of contraction. Thus, based
28
Figure 5.2: The design space of the sleeve.
on our design requirements above, the entire space is divided into feasible region, where
contraction ratio is more than needed, and infeasible region.
Keeping all the design considerations in mind, and by trial and error, we select the
fiber angle and the helical angle as point a in the feasible region, resulting in a one and
a half turns of winding for each group. Thus, length of group 1, group 2 actuators are
533.5mm, 499.1mm respectively. The upper arm actuator is 89.0mm and forearm actuator
is 148.0mm.
5.2 Modeling the Helical Structure
In previous chapter, we have formulated an analytical approach to predict the stroke and
force property of a FREPAM, as well as a parametrized design prototype of the sleeve in
previous subsection. Based on these knowledge, we will present an analytical model of
predicting the stiffness enhancement of the helical stiffening actuators and the actuation
capability of the straight actuators.
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Figure 5.3: (a) A group 1 actuator wraps around the arm. (b) String assumptions of the
actuator. (c) Actuators unwinding. 4 steps of actuation.
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The model presented in previous literature [24] analyzed the friction on the contacting
surface between helical stiffening actuator and the cylinder. However, instead of predict-
ing the actual curve of the joint stiffness, the model only proposed a bound of the slope of
the stiffness. In this thesis, the previous model will be reexamined and revised to create a
quasi-static exact model for the stiffening effect.
Considering the elbow joint starting at an arbitrary joint angle between 0◦ and 90◦
shown in Fig. 5.3(a), we analyze the deformation behavior of one of the group 1 actuators
wrapped around the elbow as an example. We claim that the same model is valid for the
group 2 actuators as well, as the results shown in the next section. The actuator is fixed
onto the arm at point A and B, while C is the anchor point where group 1 actuators from
different directions intersect. The aim of the model is to predict the stiffness of the elbow
joint with respect to the input pressure of the actuator. Here, the stiffness of the joint is
interpreted as the slope of the relationship between the joint angle and the external torque
applied to flex the joint.
Since the actuator is long and slender (LengthDiameter), we consider the actuator
as a 1 dimensional string, described using string coordinate S. In order to make the
presentation clear, we unwind the actuator along S coordinate, showing the free body
diagram in different phases as Fig. 5.3(c). It is worth noticing that in Fig. 5.3(c), we
consider only a portion of the actuator, which is from B to C. This is because upon actuator
tightly winding around the joint, any further deformation caused by the joint flexion starts
from point C. That is to say, an external torque to flex the joint will eventually convert into
a force applied at point C, that stretches each individual actuator in group 1. Furthermore,
the force applied to the portion along upper arm is equivalent in magnitude with the force
exerted onto the forearm portion, but is in opposite direction. Thus by analyzing only
the upper portion of the actuator, we will be able to capture the stiffening effect of entire
structure.
Before applying pressure, the initial length of BC portion is denoted by L0. From Fig.
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5.3(b), we know that L0 is longer than the length needed for tightly wind around the arm
from B to C, denoted by Le, which means the following relation holds,
L0 > Le(θ),∀θ > 0 (5.1)
Fig. 5.3(c1) shows the initial length redundancy with 0 pressure. We assume that when
the actuator is pressurized to a critical pressure P1, it contracts to Le(). P1 can be found
by solving equation
P1 = f−1(Le(θ)/L0) (5.2)
At such circumstance, named as Case1, no contracting force is exerting on the boundary
and the actuator exactly attaches to the arm surface (Fig. 5.3(c2)).
If we further increase the pressure to a final pressure Pf , the actuator should have
contracted further to a final length L f . But since the two ends of the actuator are fixed,
instead of reduction in length, a contracting force is generated, and will result in a block-
ing force on each end (Fig. 5.3(c3)). Meanwhile, since the actuator is warped around
the arm, normal force will be generated along with the axial tension due to the curvature.
Thus, whenever the actuator has a trend of motion, static friction will appear between the
actuator and the arm (for a quasi-static analysis, only static friction is taken into consider-
ation). Due to the friction, we would expect that the blocking force at the ends is smaller
than the contracting force, which can be expressed as,
FC = h(Le(θ)/L0,Pf ) (5.3)
We name such condition as Case2, where pressure is more than critical pressure, and
tension starts building up along the actuator. Fig. 5.3(c3) shows the free body diagram
indicating the directions of forces. The next step is to solve for the blocking force.
We consider an infinitesimal section ds located between BC, shown in Fig. 5.3(b).
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Thus the local tension balance within ds gives,
FS+ = FS−+ fSds (5.4)
where FS+ and FS− represent the internal force exerted by the adjacent segments, while fS
denotes the local friction line density. Eq. 5.4 indicates that local tension is accumulating
from boundaries toward the center. Fig. 5.3(b) also shows the string assumption of the
actuator so that fS could also be expressed with the local tension. As shown in the free
body diagram, the force balancing along vertical direction gives,
NV = sin(β/2)(FS++FS−) =
∫ β/2
0
Nr(s)cos(φ)dφ (5.5)
where, β is the corresponding center angle and r(s) is the arm radius at position s. Solve
the equation for normal pressure N, and times the friction coefficient µ gives,
FS = µ(FS++FS−/2)sin(β )/r(s) (5.6)
Plug Eq. 5.6 back into Eq. 5.4, the direct relationship between FS+and FS− could be given
as,
FS+ = FS−(2+µ sin(β )/2−µ sin(β )) (5.7)
Noticing that FS− at the boundaries satisfy Fs=B,C− = Fblocking, which indicates that the
blocking force is the only unknown value for solving local tension at any position s.
As described earlier, local tension along the actuator will generate local length defor-
mation. The summation of the lengthening from all the small segments should equivalent
to the overall length difference ∆L= Le−L f . Thus, the final governing equation gives as,
∆L =
∫ L f
0
(h−1(F(s),Pf )/ f (Pf )−1)ds (5.8)
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where F(s) denotes the local tension at position s, which is fully determained by Fblocking.
Thus Fblocking could be obtained by solving this equation.
Given that Fblocking is within the bound as shown below,
0 < Fblocking < FC = h(Le(θ)/L0,Pf ) (5.9)
we loop through all the values within the bound, and numerically integrate all the local
deformations, till the above equation holds. Thus, as we obtain the initial blocking force
at the two ends, Case2 has been fully characterized.
Now, if an external torque applied to flex the joint, the equivalent effect is that an
external force is acting at C end to stretch the actuator. Intuitively, if we consider a
frictionless surface between the actuator and the arm, any stretch from end C should
transmit through the actuator to end B, so that the entire actuator would under further
deformation. Similarly, considering Case1, when pressure is exact at P1, no initial tension
is built up, therefore no normal pressure exists between the actuator and arm, any external
force at C would also affect the entire actuator. However, as for Case2, actuator is tightly
warped around the arm with friction pointing outwards (Fig. 5.3(c3)), if the external force
is not large enough, only a portion of the actuator would go through further deformation.
We will model this effect to capture the exact deforming region as following.
As shown in Fig. 5.3(c4), a large enough external force, denoted by Fext , is acting
at point C, and the actuator is stretched by l. At such circumstance, quasi-static analysis
indicates that the underlying friction should reverse it direction to be in favor of contract-
ing force, as shown in the figure. Thus, implied by previous discussion, the local tension
within the deformed region will start reducing from external force at C, to a smaller num-
ber at the boundary, which separate the deformed and undeformed region. Therefore the
boundary is where the resulting external stretching force balanced by the original local
tension building up from Case2. Since we have characterized the original tension distri-
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bution from Case2, denoted by F(s), then at the boundary s = x, we have,
F(x) = Fext−
∫ Le
x
fsds (5.10)
Again, recall from the string assumption discussed earlier, the local friction line density
is determined by the boundary condition, which in this case a known value Fext . Given an
external torque Text , Fext can be calculated as,
Fext = Text/nr(c)cosα(c) (5.11)
where n is number of actuators in group 1, while r(c) and α(c) are the arm radius and heli-
cal angle at point C respectively. Thus x is well defined through the above equation. Here
still implement discretized integration to find the solution of x with adequate precision.
Now since we have determined the exact region that deformation happens, as well as
the new tension distribution within the deformed region, represented as F ′(s), then the
overall deformation would give as,
l =
∫ Le
x
(h−1(F ′(s),Pf )/ f (P1)−1)ds =
∫ Le
x
(h−1(F(s),Pf )/Le/L0−1)ds (5.12)
which is the integration of all the new deformations.
Upon obtaining the individual actuator stretch under external torque, we notice this
elongation will allow the elbow to be flexed by an angle ∆θ , whose relationship has been
characterized as the red curve in Fig. 5.1(b), based on the arm dimension and the sleeve
design. Thus till this point we have created a model that predicts the joint angle change
under certain external torque for group 1 actuators. Following the same procedure, the
joint angle change during extension under counterclockwise external torque can also be
captured. We will validate our model in next section with experimental data. In next
subsection, for better demonstrating the model, an example of the modeling result as well
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as several remarks are presented.
5.3 Modeling Illustration
We will use an example to show the difference between Case1 and Case2, resulting in
different actuator stiffness.
Figure 5.4: Actuator deformations under different cases. (a)Case 1 with external force,
(b)Case 2, (c) Case 2 with external force
We choose a stiffening actuator whose property has been discussed before, with initial
length 180.8mm. Such length is roughly the initial length of the actuator between B and
C. When the actuator is pressurized to P1 = 40 psi, it contracts to the exact needed length
Le = 162.5mm, and the system is under Case 1. If an external force of 10N is applied
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to the actuator at this moment, elongation starts from end C and propagates through the
actuator as the color plot shown in Fig. 5.4(a). The local deformations indicated by the
colors are corresponding to the local tension curve above. As shown in the figure, the
final static state is that the actuator will experience a 4.6% of elongation.
When the system is under Case1, instead of applying force, we keep increasing the
pressure to final pressure Pf = 45 psi. As we discussed before, blocking force and friction
will prevent the actuator from further contraction, resulting in the tension distribution
along the actuator as shown in Fig. 5.4(b). Thus, this is the circumstance which we
defined as Case2. The color plot shows the local deformation with respect to the final
length which the actuator should have gone to, with the overall stretch to be 162.5mm−
153.4mm = 9.1mm. The corresponding tension distributin is presented above with the
magnitude of the blocking forces Fblocking at the two ends. Here we notice that due to the
static friction, Fblocking is smaller than the contracting force generated by the acutator.
If external force is applied with same value under Case2, as shown in Fig. 5.4(c),
the new local tension within the deformed region drops gradually from Fext = 10N, to the
boundary. At the boundary, where the new and original local tension distribution intersect,
the local tension is around 7.5N. New deformations happen only within the deformed
region, and the color plot again shows the final elongation with respect to L f . As we
observed from the plot, the final length of the actuator is around 165.0mm, yielding only
a 1.54% stretch. Smaller elongation renders a smaller joint angle change, thus a higher
stiffness of the joint. Comparing with the result from Case1, we claim that the resulting
stiffness will be higher with higher input pressure, due to the reduction of the deformed
region.
The final remark is that if a larger external force is acting at C, we will possibly
observe such situation where the new tension curve will always on top of the original
one, so that they never intersect. This will again fall into our intuition that a very large
force acting on one end of the wrapped actuator will still affect the other end. Which tells
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us as we increasing the external force, there will be a moment when the deformed region
expands through the actuator, so that the entire actuator will be stretched onwards.
5.4 Modeling of the Activating Effect
As we described earlier, the helical actuators and straight activating actuators are able
to work separately with minor interaction. Thus, a separate model will be created for
estimating the actuation capability, which is represented as the relationship between input
pressure and the joint angle.
Figure 5.5: Free body diagram of the straight activating actuator.
Since there is no normal pressure between the straight actuators and the arm surface,
the model of the actuation is much more straightforward. Ignoring minimal contact be-
tween the string and the group 2 actuator, we model the actuation system as free body
diagram shown in Fig. 5.5. We actuate both the upper arm and the forearm actuators
simultaneously, so that in principle, same contracting force will be generated and applied
to flex the joint.
The initial length of the straight actuators are the exact length needed to span the
two end points at θ = 0◦. We assume that the length needed at arbitrary θ is D(θ),
which is again determined by the arm dimension. Then the initial contacting force that
the actuators can generate at pressure P is nh(0,P), where n represent the number of
actuators in parallel. If the corresponding torque is large than the combined resisting
torque from self-gravity and external load, the joint start flexing. Again if under the
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assumption of quasi-static, the joint will finally be balance at joint angle θ , where the
following equation holds,
nh(D(θ)/D(0),P)rcosγ = (GL1+HExtL2)cos(θ) (5.13)
where r is the radius of the arm at the distal end, and γ is a small angle between the
actuator and the centerline. L1 and L2 represent the distance between the joint center and
the center of self-gravity, and the distance between the joint center and the location of
the external load respectively. Solving the above equation for θ , we will obtain the joint
flexion with external load HExt , under pressure P. Thus a simple model for estimating the
actuation has been created.
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6 EXPERIMENTAL VALIDATIONS
In this chapter, we will present several bench top experiments to valid our models, as well
as human factor testing to show the real effect of the augmentation from the wearable
sleeve.
6.1 Experimental Setups
The experimental setup for validating our modeling is shown in Fig. 6.1(a). The bench
top testing is conducted for the 3D printed arm model, whose upper arm is mounted on
the stand. Each group of the stiffening actuators and the activating actuators have separate
air channel enables selective actuation. Pressure gauge are used for monitoring pressure
within each group of actuators. Ideally, the pressure would keep constant for each test
case. External weight can be added into one of the two buckets so that either flexing or
extending torque is applied to the arm. Joint angle is measured with protractor when the
arm is stable with external load and sleeve effect balanced.
The human factor testing is conducted with the sleeve worn by a male subject, whose
arm’s dimension is used for modeling the 3D printed arm. Therefore, the sleeve fits the
subject well with negligible resistance before pressurization. The subject will keep his
arm at a constant position with joint angle between 80◦ and 90◦. The subject will hold
different amount of external weight for examining the effectiveness of the sleeve. As
shown in Fig. 6.1(b), both biceps and triceps muscular activities are recorded through
EMG signal (Delsys Inc.) during the muscle’s isometric contraction. The joint angle is
measured using a goniometer.
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Figure 6.1: Experimental setups. (a)Bench top testing, (b)Human factor testing using
EMG
6.2 Stiffening Test Results
The bench top testing is conducted to validate our model for both stiffening and activating
actuators with different number of actuators in parallel and under different pressures.
Fig. 6.2(a) and (b) present the experimental and analytical results for arm stiffening
test during joint flexion. Arm starts at straight down position (θ = 0◦) with only the group
1 actuators pressurized. Increase the external torque step by step and the corresponding
joint angles are measured. Stiffness is interpreted as the slope of each curve. Fig. 6.2(a)
shows the test case with three actuators in parallel within each direction, and under dif-
ferent pressures. The results indicate that a higher stiffness would achieve at a higher
pressure, which is in consistent with our prediction. There are several remarks on the
results. Firstly, the curves are not starting at zero because of the initial blocking force.
Secondly, we notice an obvious deviation at large external torque between the modeling
and experiment under 35psi. This phenomenon could possibly be explained by the radial
compliance of the actuator. Since we utilized a string assumption for the actuator in our
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Figure 6.2: Experimental validation of stiffening groups, (a)Group 1 with different pres-
sures. (b)Group 1 with different number of actuators in parallel. (c)Group 2 with different
pressures. (d)Group 2 with different number of actuators in parallel.
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modeling, the thickness and the radial stiffness is ignored. However in reality, the actuator
is an inflated structure, whose radial stiffness is highly depended on the internal pressure.
Thus, the actuator is more easily compressed at lower pressure, which reduces the stiff-
ness of the system. The last noticeable phenomenon is that the curves are not entirely
smooth, as a clear turning point is observed for each curve. If we recall from previous
discussion, this turning point happens at moment when the torque is large enough, so
that the deformed region just propagation through the entire actuator. Since the deformed
region is not going to further expand, the unsmooth behavior of the slope is explained by
the discontinuity of the deformed region expansion rate. This critical torque is captured
by the dashed line in Fig. 6.2(a) with different pressure.
Fig. 6.2(b) captures the stiffness change with different number of actuators in parallel.
Both experiment and modeling indicate that the stiffness will increase linearly with the
increasing number of actuators, which implies that actuators within each group can be
treated individually.
Fig. 6.2(c) and (d) present the experimental and analytical results for arm stiffening
test during joint extension. Tests are conducted for group 2 exclusively actuation with dif-
ferent number of actuators under two different pressures, 40psi for Fig. 6.2(c) and 45psi
for Fig. 6.2(d). Forearm is initially set to horizontal position with θ = 90◦. Similarly,
a linear increment in stiffness is observed and the modeling agrees with the experiments
closely, illustrating that our model is able to capture the group 2 actuators as well.
6.3 Activating Test Results
The same setup is also used for activating test, where the group 2 is actuated along with the
straight actuators, ensuring that the two sections are always staying with the arm surface.
We actuate the activating group from 0 psi to around 40 psi with different external loading
conditions. Both single straight actuator and the nested actuators are tested.
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Figure 6.3: Experimental validation of actuating group, (a)Joint angle elevation with dif-
ferent actuating group. (b)Comparison of maximum joint angles with different external
weight.
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Fig. 6.3(a) shows that the elbow is being activated under increasing pressure, and with
only self-weight as load. We tested the cases with different number of single actuators in
parallel and also the nested structure. As shown in the figure, only small increments in
maximum joint angles are found by increasing the number of actuators. In principle, this
increment is also reducing exponentially with the number increasing and asymptotically
vanishing. However, when using nested actuators, a dramatic improvement is seen, which
is around 70% larger than the maximum joint angle that can get from three single actuators
combined. Notice that the nested structure has two parallel actuators in each level, so that
the actuation force is actually smaller than the three-single case. Thus, it is the high
contraction ratio of the nested structure contributing to the larger range of assistance. Fig.
6.3(a) also shows the experimental pressure needed within the group 2 actuators at each
activating pressure to keep the connecting string down. As illustrated in the figure, it is
an almost linear relationship between the two pressures.
Fig. 6.3(b) shows the experimental results of the maximum joint angle that each test
case is able to reach under three different external loads. When the load getting larger, a
decreasing in the advantage of using nested structure can be observed, given the fact that
the actuation force is not the highest. But we can still draw the conclusion that the nested
actuators will enhance the lifting assistance.
6.4 EMG Testing Results
In the upper arm EMG testing, electrodes are placed at both biceps and triceps for record-
ing the muscular activity of the subject with three different weight holding in hand. For
each loading condition, we collect data for two different cases: subject wearing the sleeve
with no pressure, and with 45 psi input for group 2. The same test for each case is re-
peated 5 times, so that 30 trials are recorded in total. The recording time for each test is
20 seconds, with at least 5 minutes break in between each trial to prevent fatigue.
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Figure 6.4: Raw EMG biceps signals, (a)with no external weight, (b)with 2.3kg external
weight.
Fig. 6.4 demonstrates two biceps EMG signals. Fig. 6.4(a) is result for the test with
no external weight, so that only the self-weight of forearm contributes to the extending
torque. While in Fig. 6.4(b), 2.3kg external weight combined with the self-weight are
the overall load for the elbow joint. Both figures indicate a muscular activity reduction
when activating the sleeve, meaning that with the help of the sleeve, less biceps energy is
recruited for holding the arm. However, since the external stiffness that the sleeve could
provide is constant under same pressure, we observe from the figure that with increasing
the external weight, the percentage of energy saving is decreasing.
To better illustrate the effect of the sleeve, we post-processes the raw EMG data for
comparison. For each trial measured with same external weight, the EMG signals are first
sent through a 3Hz low pass filter, and then integrated using Root Mean Square method.
Finally, the 5 results within in each loading condition are averaged to get a single number.
The difference between the number of zero pressure and 45psi are even computed and
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converted into the percentage of force saving.
Figure 6.5: Integrated EMG data illustrates force saving with pressurized sleeve under
different external weight.
Fig. 6.5 summarize all the percentage of saving results for both biceps and triceps.
As we discussed above, the saving percentage is dropping with adding more weight for
biceps. However, increments in the percentage are found for triceps. Given the fact the
triceps are used only for stabilizing the forearm during an isometric contraction, the EMG
signals are much smaller. Thus, system noise and other biomechanical factors could cause
the variation.
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7 CONCLUSIONS
This thesis presents the design and analysis of a soft wearable sleeve using pneumatic
FREE actuators that can provide two types of elbow assistance. By actuating different
groups, the helical stiffening structure offers additional directional stiffness, which can
be applied for enhancing human load bearing capacity. The straight activating group
provides external actuation to the elbow for either rehabilitating applications or aiding a
healthy person during lifting. The sleeve is soft, compact and lightweight. It can be worn
under ordinary cloth and actuated with simple control.
Due to the limiting stroke of a miniaturized FREPAM, a novel nested PAM arrange-
ment is also created to amplify the contraction ratio and force output of a single actuator.
A 2-level nested system is implemented into the sleeve design to replace the single ac-
tuators for actuation. Both experimental and analytical results reveal that the forearm
position can reach 70% higher, meaning a larger range of the lift assistance can be pro-
vided with nested systems.
In the thesis, various models are provided for designing systems with FREEs. Sin-
gle actuators are modeled using a modified Constrained Volume Maximization approach,
which is able to capture the contracting actuator stroke and force with different initial
length. The sleeve structures are modeled through the analysis of static friction and actu-
ator deformation. It has been validated with bench top experiments that the model is able
to predict both the stiffness change and the maximum joint angle under different pres-
sure applied, and allow multiple actuators arranged in parallel. The analysis of nested
structures enables designing of a high contraction ratio, large force actuator system with
FREPAMs of various diameters towards a specific requirement.
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APPENDIX A
In this appendix, we prove the following guideline in the design of a two-level nested
system
• For a two-level nested system with a system length Ls, the contraction ratio is max-
imized when the contracting actuators in all levels have the same length.
Consider a two-level system shown in Figure A1a. Here, from Eq. 4.1, the system
length can be expressed as
Ls = La1+La2−Lb (A.1)
where Lai is the length of the ith FREPAM and Lb is the length of the FREPL member.
The objective is to maximize the system contraction ratio. The physical constraints of the
design requires that stage 2 cannot descend below “ground” and Stage 1 cannot ascend
beyond Stage 3. Furthermore, the length of a FREPL must be a positive number. Thus a
Linear Programming problem is formulated as following
Maximize: Crs =
∆Ls
Ls
=
Cra(La1+La2)
Ls
(A.2)
Subject to: CraLa1 ≤ La1−Lb−Lc2+Lc1 (A.3)
where Lc1 and Lc2 are the thickness of the connector stages as shown in Figure A1a. This
equation ensures that Stage 2 does not descend below the ground stage.
CraLa2 ≤ La2−Lb−Lc2+Lc1 (A.4)
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This equation ensures that Stage 1 does not ascend above Stage 3.
Lb = La1+La2−Ls ≥ 0 (A.5)
Plug Eq. A.1 into Eqs. A.3, A.4, and A.5 to eliminate Lb and get inequalities between
La1 and La2 as three constraints
La2 ≤−CraLa1+Ls−Lc2+Lc1 (A.6)
La2 ≤− 1Cra La1+
Ls−Lc2+Lc1
Cra
(A.7)
La2 ≥−La1+Ls (A.8)
Figure A1: (a) A two level nested system whose maximum contraction ratio can be ex-
pressed as a (b) Linear programming problem
Figure A1b plots the objective function (dashed line) and constraint inequalities,
where the gray area is the feasible region. From the plot and the equations above we
can easily derive that curves are symmetric with respect to y = x line. Which means for
any arbitrary Cra between 0 and 1, the system contraction ratio will be maximum when the
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objective function goes through the intersection point of Eq. A.6 and Eq. A.7, where La1
and La2 have equal length, labeled as La. Combining equations above gives the lengths of
La and Lb in an optimal design, as well as the maximized system contraction ratio
La = La1 = La2 =
Ls−Lc2+Lc1
1+Cra
(A.9)
Lb =
(1−Cra)Ls−2Lc2+2Lc1
1+Cra
(A.10)
Crsmax =
∆Lmax
Ls
=
2Cra(Ls−Lc2+Lc1)
(1+Cra)Ls
(A.11)
For n level nested PAM architecture, similar equations can be formulated as following by
assuming that all FREPAMs have same lengths and all FREPLs have same lengths.
Ls = nLa− (n−1)Lb (A.12)
Crs =
∆L
Ls
=
CranLa
Ls
(A.13)
Having same constraints as Eq. A.3-A.5, La, Lb and Crsmax can be derived as
La =
Ls+(n−1)(Lc1−Lc2)
1+(n−1)Cra (A.14)
Lb =
(1−Cra)Ls+n(Lc1−Lc2)
1+(n−1)Cra (A.15)
Crsmax =
∆Lmax
Ls
=
Cran[Ls+(n−1)(Lc1−Lc2)]
[1+(n−1)Cra]Ls (A.16)
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APPENDIX B
In this appendix section, we will estimate the material properties of the FREPAM com-
posite that is required to solve the Constrained Volume Maximization (CMV) formulation
of Eq. 3.7. The material properties to be estimated involve the Mooney-Rivlin hyperelas-
tic constants C10 and C01 and flexural modulus D. These three quantities determine the
strain energy stored in FREE as given in Eq. 3.5 of the CMV. It must be noted that these
properties are dependent on the materials used and manufacturing process. Our strategy
is to estimate the material properties by ensuring good fit with the experimental data for
FREPAM 1 of Figure 3.3. These values will then be used for FREPAM 2 and compared
with experiments to assess its validity. In this work, we will aim for simple material mod-
els at the cost of accuracy. While material models are not the focus of this paper, a more
rigorous process and better models are recommended for accuracy.
To estimate the material properties, we conduct two tests using the experimental setup
of Figure 6.1. The first test involves obtaining the contraction ratio of a FREPAM 1 as a
function of the applied pressure. For this test, the length of the FREE is chosen to be 121
mm. The hyperelastic constants C10, and C01 are determined such that computations and
experiments match for Figure 3.5a. Then we conduct the next test, where the FREPAM is
cut into progressively shorter lengths and the contraction ratio is experimentally observed
as a function of the FREE length. As lengths get shorter, the contraction ratio decreases
and this is captured by the bending strain energy through the flexural modulus D. Thus the
value of D is fit to obtain a good fit between the experimental and computational model
for 0.262 MPa pressure shown in Figure 3.6a. Inclusion of the flexural modulus offsets
the contraction ratio vs pressure curves of Figure 3.5a by a slight amount. The values of
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C10 and D are then adjusted such that both Figure 3.5a and Figure 3.6a (at 0.262 MPa)
yield good fits. These fits yielded the following values: C10 = 0.115 MPa, C01 = 0 MPa,
and D = 4.5 MPa.
The above values were used in the computational model to obtain contraction ratio
vs pressure and contraction ratio vs length behavior for FREPAM 2 whose geometry is
given in Figure 3.3. The computational model yields seemingly good fits for both these
quantities. If the fits for FREPAM 2 are good, then the parameters can be assumed to hold
good for a FREPAM of any length, fiber angle, radius and wall thickness as long as some
consistency is ensured in the manufacturing process.
56
